Oxidative stress
Introduction
Autophagy is a catabolic process by which cells degrade and recycle their own constituents through a tightly controlled lysosomal mechanism. In macro-autophagy, the process that we consider here and which we will refer to as autophagy for simplicity, cytoplasmic components, including long-lived proteins and whole organelles, become engulfed in double membrane vesicles dubbed ''autophagosomes''. These vesicles then fuse with lysosomes to form autolysosomes in which degradation of the cargo commences. Proteins encoded by so-called autophagy-related genes (ATG), orchestrate different steps of the process that ultimately results in autophagic protein and organelle breakdown.
Autophagy has been implicated in many aspects of homeostasis and development (Levine, 2005; Lum et al., 2005; Rubinsztein et al., 2007; Shintani and Klionsky, 2004) , and has been extensively studied in the context of metabolic regulation under conditions of fluctuating nutrient availability. In times of food deprivation, organisms activate autophagy to meet their energy requirements (Levine and Klionsky, 2004; Lum et al., 2005) . The mechanisms that control autophagy in response to nutrient deprivation are relatively well understood. In higher metazoans starvation-induced autophagy is chiefly governed by changes in insulin/Tor/PI3K signaling (Arsham and Neufeld, 2006; Shintani and Klionsky, 2004) .
Autophagy also makes essential contributions to animal development. During Drosophila metamorphosis, autophagy is required for the large-scale histolysis that breaks down larval tissues and makes their components available for the formation of adult structures (Butterworth et al., 1988; Lee and Baehrecke, 2001; Lee et al., 2002) hormonal regulation by ecdysone (Rusten et al., 2004) . Similarly, autophagic processes have been implicated in the normal development and morphogenesis of vertebrates (Cecconi and Levine, 2008; Melendez and Neufeld, 2008) . For example, autophagy is required for embryonic cavitation (Qu et al., 2007; Yue et al., 2003) , and at later stages contributes to the formation of the nervous system and the retina (Fimia et al., 2007; Mellen et al., 2008) .
To be beneficial for cells and organisms autophagy has to be tightly controlled. Indeed, misregulated or excessive autophagy has been associated with a number of pathologies, including cancer (Hoyer- Hansen and Jaattela, 2008; Mathew et al., 2007; Yue et al., 2003) , neurodegeneration (Hara et al., 2006; Komatsu et al., 2006) and muscle atrophy (Mammucari et al., 2007; Zhao et al., 2007) .
Recently, much interest has focused on autophagy as a mechanism by which cells defend themselves against environmental stresses. The notion that autophagy can have cell protective functions first emerged based on the finding that adaptations of several organisms to unfavorable environmental conditions require ATG genes and autophagy. Examples range from sporulation in yeast to the formation of fruiting bodies in Dictyostelium and dauer larvae in Caenorabditis elegans (Deutschbauer et al., 2002; Melendez et al., 2003; Otto et al., 2004) . Autophagy can also confer resistance to oxidative stress. Mutations that compromise the autophagy system result in increased stress sensitivity. Drosophila loss-of-function mutants for ATG7 or ATG8a, for example, are hypersensitive to H 2 O 2 (Juhasz et al., 2007a; Simonsen et al., 2008) . Cells can respond to a variety of insults, including oxidative stress with increased autophagic activity (Girardot et al., 2004; Xiong et al., 2007) . However, how the autophagy machinery senses and responds to stress is not thoroughly understood. Such regulation could occur at several levels, as autophagy can be regulated by transcriptional, as well as post-transcriptional mechanisms. Consistent with a function of gene regulation in this context, multiple reports show that ATG gene expression can be stimulated in response to stresses (Girardot et al., 2004; Thorpe et al., 2004; Xiong et al., 2007) .
The work described here explores the control of autophagy by JNK signaling in Drosophila melanogaster. The JNK pathway is an evolutionarily conserved signal transduction system that can be triggered by several types of external insults, including oxidative stress (Davis, 2000; Weston and Davis, 2007) . Stress signals are conveyed by a MAP kinase cascade, which in Drosophila, consists of one of several JNKKKs (Jun kinase kinase kinases), a JNKK, the MKK7 ortholog Hemipterous (Hep) and the JNK, Basket (Bsk). The duration and extent of JNK responses is tightly controlled and restricted in time and space by a number of negative feedback mechanisms. One of these mechanisms relies on the transcriptional activation of the JNK specific MAP kinase phosphatase puckered (puc) (Martin-Blanco et al., 1998) .
JNK signaling has been implicated in the regulation of a range of cellular stress responses. These include the induction of antioxidant and repair programs, and, depending on the nature of the inducing signal and the cell type, apoptosis. Such responses can be orchestrated by changes in gene expression mediated by several transcription factors that are regulated by JNK signaling. In addition, JNK can directly regulate cell responses such as apoptosis by phosphorylating effector molecules.
We have shown previously that activation of the JNK pathway can protect fruit flies against oxidative toxicity. For example, flies in which JNK signaling is elevated due to the loss of one copy of the gene encoding the JNK phosphatase Puckered, or by over expressing the JNK kinase Hep, gain resistance to the free radical inducing drug paraquat (Wang et al., 2003 (Wang et al., , 2005 .
JNK signaling emerges as a regulator of multiple mechanisms that cells can engage to increase resistance against external stresses. Recent studies in cell culture models indicate that autophagy is one of these responses (Li et al., 2006; Ogata et al., 2006; Pattingre et al., 2008; Wei et al., 2008) . Here we show that autophagy is part of a JNK-induced stress defense program in an intact organism, D. melanogaster, and explore the relationship between stress-induced autophagy and autophagy that is regulated in response to metabolic or developmental signals.
Results

JNK signaling regulates ATG gene expression
Autophagy is a pleiotropically acting process that is regulated at multiple levels including gene expression. In many organisms the transcription of ATG genes, which encode proteins required for the regulation and execution of autophagy, is increased in adverse conditions, such as starvation or stress (Gorski et al., 2003; Juhasz et al., 2007a; Lee et al., 2003; Zinke et al., 2002) . To determine whether the expression of ATG genes might be responsive to oxidative stress in Drosophila, we exposed young adult flies (3-5 days old) to paraquat-laced food and measured the mRNA levels of two representative autophagy genes, ATG1 and ATG18.2/CG8678, by quantitative real time RT PCR analysis (Fig. 1A) . The abundance of both mRNA species rose transiently under these conditions, and, interestingly, this rise was paralleled by a similar response of the prototype JNK target gene puckered (Fig. 1A) . JNK signaling is a key regulator of stress inducible gene expression, and we asked whether ATG genes might, like puckered, be regulated by the JNK pathway. To address this question, we ubiquitously raised JNK activity in larvae by expressing a constitutively active form of the Drosophila JNKK Hemipterous, Hep act , under the control of the temperature inducible Gal4/Gal80 ts TARGET system (McGuire et al., 2003; Weber et al., 2000) . This system relies on the transcription factor Gal4 under the control of a temperature sensitive version of its selective inhibitor Gal80 (Gal80 ts ). At the permissive temperature (20°C), Gal80 ts blocks Gal4 activity thereby preventing the expression of Hep act from a UAS driven transgene.
At the restrictive temperature (29°C), Gal80 ts is inactive and
Gal4 is free to activate the transcription of Hep act resulting in strong activation of JNK. Using real time RT PCR, we assessed the response of 13 ATG mRNAs to JNK activation in this system. Equivalent measurements were conducted on a control strain, which was isogenic to the experimental flies, except that it lacks the UAS Hep act transgene and therefore cannot induce the expression of the JNK gain-of-function mutant. Initially, the levels of ATG mRNAs were normalized to Gal4 mRNA, which served as an internal control for RNA recovery and the real time PCR process. Fig. 1B and Supplementary Table 1 display the ratio of ATG mRNA levels in the experimental flies in which Hep act was induced for 6 h and the controls. Among 13 ATG mRNAs that were assessed by real time RT PCR, six, including the one encoding the key regulator ATG1, were moderately, but significantly, elevated in response to JNK stimulation ( Fig. 1B and Supplementary Table  1 ). It should be pointed out that RNA levels were measured in total fly lysates and that the relatively modest increase represents an average of all cell types thus sampled which might mask higher induction levels in specific tissues. A similar 2-to 5-fold transcriptional response had been reported for several ATG genes in genomic profiling experiments that tracked gene expression changes in conditions of LPS exposure or starvation (Boutros et al., 2002; Girardot et al., 2004; Gorski et al., 2003; Jasper et al., 2001; Lee et al., 2003; Zinke et al., 2002) . We conclude that JNK signaling is sufficient to direct transcriptional induction of multiple ATG genes in a similar manner as physiological changes or stress exposure.
2.2.
Autophagy as a protective mechanism against oxidative stress JNK regulates mechanisms that defend organisms against environmental insults and counteract the detrimental effects of oxidative damage on cell functionality (Wang et al., 2003) . This protective role is illustrated by the stress resistant phenotype of flies in which JNK activity is artificially elevated (Wang et al., 2003) . Our finding that JNK can activate ATG gene expression in Drosophila suggested that autophagy might contribute to JNK-dependent stress defenses. To explore such a potential functional relationship between JNK signaling and autophagy, we conducted genetic interaction experiments. Fig. 2 shows that, as published previously (Wang et al., 2003) , flies in which JNK signaling is elevated due to the loss of one copy of the gene encoding the JNK-phosphatase Puckered (genotype puc E69 /+), are more resistant against paraquat toxicity than otherwise isogenic wild type animals. This resistance was lost and mortality reverted to that of wild type controls when ATG1 or ATG6 levels were reduced in the puc E69 /+ strain by introducing the respective loss-of-function alleles ( Fig. 2A-C) . We conclude that the ATG1 and ATG6 genes, and thus presumably autophagy, contribute to the protective function of JNK in acutely stressed flies. Heterozygosity for ATG1 or ATG6 loss-of-function alleles in an otherwise wild type background does not affect paraquat resistance significantly, suggesting that their gene dose is only limiting under conditions of elevated JNK signaling. If induction of ATG gene transcription is required for JNKmediated stress resistance, as suggested by the above experiments, we may ask if expression of ATG genes by itself might Fig. 1 -Oxidative stress and JNK signaling stimulate the expression of ATG genes. (A) ATG1, ATG18.2, and puc mRNA levels rise transiently after adult flies are exposed to food containing paraquat. Total RNAs of 3-5 days old flies treated with paraquat, or mock-treated, for the time points indicated were prepared, and the mRNA levels of the above-mentioned three genes were quantitated by real time RT PCR. For each time point, six independent biological repeats were carried out in triplicate each. The ratio between paraquat-treated and control samples is shown as fold induction (means ± standard error). The confidence in the changes of ATG1, ATG18.2, and puc mRNA levels upon paraquat-treatment was determined by Student's t-test. be sufficient to protect flies against stress. To address this question we ectopically expressed the ATG6 gene in adult flies. Forced expression of ATG6, also referred to as beclin1, has previously been shown to be sufficient to drive yeast as well as mammalian cells into autophagy (Liang et al., 1999) . Using the RU486-inducible tubulin-GeneSwitch-Gal4 driver (referred to as tubGSGal4 below), we globally overexpressed ATG6 from a UAS-transgene by feeding 2-3 days old flies with food containing RU486. Four days later the animals were exposed to semi-lethal concentrations of paraquat as in the previous experiments. Fig. 2D shows that ATG6 overexpression can significantly increase the resistance to paraquat. Thus, transcriptional activation of autophagy per se appears to promote survival of flies under conditions of oxidative stress. Similar findings were recently reported by Simonsen et al. who showed that overexpression of ATG8a (which, like ATG6, is encoded by a JNK responsive gene according to our experiments, Fig. 1B ) in Drosophila neuronal tissues is sufficient to confer stress resistance (Simonsen et al., 2008) .
Oxidative stress and autophagy in the Drosophila midgut
Next, we asked whether JNK might regulate autophagy in vivo under conditions of oxidative stress. We chose the Drosophila larval intestinal epithelium to study oxidative stress responses and their potential relation to autophagy in an intact tissue. The gut is an excellent organ for these experiments. Intestinal epithelia directly encounter, and react to, environmental insults, for example in the form of toxicants and pro-oxidants contaminating food. The larval gut is amenable to genetic manipulations and can be readily dissected for cell level analysis by confocal microscopy. Exposure of early third instar larvae (at a stage when metamorphosis associated autophagy has not yet commenced) to paraquatcontaining food or to food supplemented with 1.5% H 2 O 2 induces the prominent appearance of autophagosomes in intestinal cells as visualized by Lysotracker Red staining (Fig. 3A) . Lysotracker Red, a fluorescent acidotropic probe, labels acidic organelles, including lysosomes and autolysosomes, in living cells and can provide an indication of autophagic activity (Munafo and Colombo, 2001; Rusten et al., 2004; Scott et al., 2004) . A second GFP-based marker was employed to validate the identification of autophagosomes and autolysosomes. This fluorescent probe (Rusten et al., 2004) consists of the human ATG8 homolog, LC3B, fused to GFP. GFP-LC3 specifically accumulates in and labels autophagosomes when expressed in Drosophila cells. Consistent with the results of the Lysotracker red stain, the GFP-LC3 assay confirms the stress-dependent accumulation of autophagosomes in the intestinal epithelium. The guts of control larvae that were fed with regular food showed little or no autophagosomes.
To confirm that the Lysotracker red positive foci appearing in oxidatively stressed intestine are genuine autolysosomes, we repeated the experiment in larvae that are homozygous for the ATG1 mutant allele ATG1 D3D (Scott et al., 2004) . Even though such animals are deficient for autophagy, they are viable until pupal stages of development. Under these ATG1 mutant conditions the abundance of Lysotracker positive foci in paraquat-exposed gut is strongly reduced (Fig. 3B) . In further support of the validity of the Lysotracker assay for monitoring autophagy in the gut, we found that starvation which is accepted as a bona fide autophagy-inducing condition causes a similar phenotype as paraquat treatment. Control experiments using food coloring showed that the larvae ingest the paraquat and H 2 O 2 containing foods, suggesting that the autophagy response is not caused by food avoidance and starvation (data not shown). Coincident with increased autophagy in paraquat-treated gut, JNK signaling is activated as visualized by the activity of a JNK responsive reporter, pucLacZ (Fig. 3C) . To investigate the correlation between JNK signaling and autophagy in the intestine further, we asked whether the induction of autophagy markers after oxidative stress might be mediated by JNK. To this end, we fed paraquat to larvae in which JNK signaling was suppressed by the expression of dominant negative Drosophila JNK (Bsk DN ). Bsk DN has been established as an effective and specific inhibitor of JNK activity in transgenic flies and cells (Weber et al., 2000) . Fig. 4 shows a marked suppression in the size and number of paraquat-induced autophagosomes in clones in which JNK activation is precluded by Bsk DN expression. Similar effects were observed in clones that were homozygous for the bsk 170B null allele (data not shown). These results demonstrate that JNK is necessary for the autophagic stress response in the larval gut. Next, we tested whether JNK activation might not only be necessary but also sufficient to trigger autophagy. As organism-wide activation of Hep act is lethal, we conducted this experiment using clonal expression of Hep act . Employing a Flp-based expression system (see 4), Hep act along with GFP-LC3 was expressed in a subset of early third instar larval intestinal epithelial cells to induce high levels of JNK activity. Fig. 5A shows a preponderance of autolysosomes in such clones identified by double labeling with Lysotracker Red and GFP-LC3. GFP-LC3-negative cells in which JNK is not over-activated (outlined in white in Fig. 5A ) show only basal levels of Lysotracker Red foci. To gauge whether JNK-activated autophagy might be a widespread phenomenon, we also tested whether JNK activation might have the same stimulatory effect in the fat body, an organ that is well known for its prominent autophagy activity (Rusten et al., 2004; Scott et al., 2004) . In Hep act expressing cells, autophagic activity as measured by Lysotracker Red foci is more prominent than in surrounding wild type cells (Fig. 5A) . Thus, JNK appears to function as a cell-autonomously acting trigger for autophagy in multiple tissues.
To further characterize JNK-induced autophagy, we inspected thin sections of intestinal epithelium by transmission electron microscopy. Ectopic activation of JNK by Hep act expression in this tissue caused the frequent appearance of structures resembling autophagosomes and autolysosomes at different stages of the autophagy process. In some cases, remnants of organelles, such as mitochondria, engulfed by membranes are discernible (Fig. 5B, green arrowheads) . Electron-dense material in other vesicles presumably represents protein breakdown products (Fig. 5B, red arrowheads) as they are frequently observed in mature autolysosomes (Ghadially, 1988; Juhasz et al., 2007a; Lee et al., 2002) . The vesicles observed in Hep act expressing gut epithelium closely resemble the autophagosomes induced by starvation in the same tissue (Fig. 5B) . Similar structures are only very rarely seen in sections of wild type tissue prepared from well-fed larvae. The electron microscopic analysis therefore supports the conclusion that JNK signaling can induce autophagy in the Drosophila gut and fat body.
JNK is not required for developmentally controlled and starvation-induced autophagy
The data so far show that autophagy can be regarded as a JNK-regulated stress response that helps the organism to cope with oxidative attack, possibly by removing damaged macromolecular components that might otherwise interfere with vital cellular functions. Autophagy has, however, also been implicated into processes that are not obviously related to oxidative stress response, including development and metabolism. This raises the question of whether JNK is universally required for the control of autophagy or whether its role is restricted to autophagic responses to cell stress.
To address this question, we modeled starvation-induced autophagy by transferring larvae to 5% sucrose as the sole energy source. After 3-4 h on sucrose, the expected increase of autophagy in intestinal cells became evident by the appearance of abundant Lysotracker Red-positive foci (Fig. 6A ). This type of starvation response results from a loss of PI3K/Akt/Tor signaling (Scott et al., 2004) . Consistently, clones of intestinal epithelial cells in which PI3K activity is artificially maintained at high levels during starvation by the expression of the large subunit of PI3K (Dp110), are refractory to the induction of autophagy (Fig. 6A) . Similar to the cells of the intestinal epithelium, the cells in the fat body undergo autophagy in our starvation regime (Fig. 6B) . To test whether JNK signaling might be involved in the induction of autophagy by starvation, we generated cell clones in which Bsk DN is expressed (labeled by GFP in Fig. 6B ). Whereas PI3K activation drastically diminishes the appearance of Lysotracker red positive autophagosomes after starvation (Fig. 6B) , suppression of JNK activity affects neither the autophagosomes count in starving adipose tissue nor in starving gut (Fig. 6A) . In agreement with these data we found that starvation-induced autophagy also proceeds unimpeded in bsk 170B JNK null clones in Drosophila midgut and fat body (data not shown). We conclude that JNK is not required for starvation-induced autophagy in either tissue. In addition to the metabolic regulation of autophagy, developmental signals can activate the process. Ecdysone-induced histolysis of larval fat body during metamorphosis, for example, relies on sustained autophagy on a large scale (Juhasz et al., 2007a; Lee et al., 2002; Rusten et al., 2004) . At the late third instar larval stage when the animals prepare to pupate, sustained autophagy can be readily observed in the fat body by Lysotracker Red staining (Rusten et al., 2004) and Fig. 6C . To investigate whether such developmentally programmed autophagy might require JNK signaling, we generated clones of fat body cells in which JNK activity is abrogated either by , marked by the absence of GFP in Fig. 6C ). In spite of the loss of JNK signaling in these clones, the abundance of autophagosomes remains unchanged as visualized by Lysotracker Red staining. These data indicate that, developmentally controlled autophagy during metamorphosis, is regulated by mechanisms that act independently of JNK. Consistent with this conclusion, no metamorphosis-related phenotypes have been reported for JNK pathway mutants.
Discussion
Autophagy is now recognized as a process that has multiple functions in addition to balancing energy homeostasis. It has become increasingly apparent that cells also rely on autophagy for protecting themselves against a battery of potentially harmful insults. For example, autophagy can contribute to cellular defenses against pathogens, bacterial toxins, oxidative stress and ER stress (Bernales et al., 2006; Gutierrez et al., 2004; Juhasz et al., 2007a; Levine, 2005; Nakagawa et al., 2004; Ogata et al., 2006; Ogawa et al., 2005; Simonsen et al., 2008; Xiong et al., 2007; Yorimitsu et al., 2006) .
To explore the function and regulation in organismic stress responses we studied the Drosophila intestinal epithelium. This tissue is directly exposed and potentially vulnerable to oxidative stress in the form of dietary toxicants or of H 2 O 2 that can be internally generated as part of pathogen defenses (Ha et al., 2005a,b) . It can therefore be expected that the gut employs potent defense and regeneration systems. Here we show that exposure of the Drosophila intestine to oxidative stress, or deliberate activation of JNK signaling in the gut epithelium, results in a prominent rise of autophagosome density as monitored by Lysotracker red or GFP-LC3 staining. This effect resembles the well-established induction of autophagy in this and other tissues in response to starvation. Ultrastructure analysis by transmission electron microscopy confirms that JNK can effectively induce the formation of bona fide autophagosomes. The combined evidence from histology and microscopic analyses, the genetic interactions between JNK and ATG genes, and the induction of ATG gene expression by JNK, support the conclusion that JNK and oxidative stress can induce autophagy in the Drosophila gut. Our data suggest that JNK signaling induces autophagy, at least in part, by transcriptional activation of ATG genes. Such a mechanism would be consistent with several previous reports indicating that conditions that stimulate autophagy, such as starvation and stress, also lead to increased expression levels of ATG genes (Girardot et al., 2004; Xiong et al., 2007) . Furthermore, the deliberate expression of ATG1, ATG6 or ATG8a by itself is sufficient to drive cells into autophagy (Liang et al., 1999; Scott et al., 2007; Simonsen et al., 2008) . It is therefore plausible that the JNK-induced increases in ATG gene expression levels observed here might drive and/or sustain autophagy in stressed organs. However, it is also clear that autophagy can be controlled by mechanisms other than gene expression. For instance, protein phosphorylation, lipidation, and processing events have been shown to regulate the process (Kabeya et al., 2004; Klionsky et al., 2008; Mizushima et al., 1998; Scott et al., 2007) . Two recent studies conducted in mammalian cell lines indicate that JNK can induce autophagy by phosphorylating Bcl2, thereby relieving its inhibitory effect on Beclin 1, the ATG6 homolog Wei et al., 2008) . It thus emerges that JNK may impinge on autophagy at multiple regulatory levels. Such a scenario bears an interesting resemblance of the betterunderstood role of JNK in the regulation of apoptosis, a process that it can control by transcriptional, as well as non-transcriptional mechanisms (Tournier et al., 2000; Weston and Davis, 2007) . It is at present a matter of speculation how these different layers of regulation are integrated and how they may have evolved. In this regard it is interesting that the only anti-death Bcl2 family member in Drosophila, the buffy gene product, does not contain JNK phosphorylation sites (Quinn et al., 2003) , suggesting that Bcl2-dependent mechanisms do not contribute to JNK induced autophagy in Drosophila. It is possible that in flies JNK acts predominantly at the transcription level, and that the role of Bcl2 in this context has evolved later. The oxidative stress hypothesis of aging predicts that bolstering resistance against oxidative damage can extend longevity of organisms, and we have shown previously that JNK signaling can control aging by deploying cellular oxidative stress defenses (Wang et al., 2003) . The data presented here, which indicate that JNK-mediated induction of autophagy can increase oxidative stress resistance, therefore raise the question of whether such a mechanism might be also relevant for the regulation of longevity. Interestingly, several published studies support the conclusion that ATG genes, and by extension the process of autophagy, are required for the lifespan extending effects of caloric restriction or reduced Tor signaling Juhasz et al., 2007a; Melendez et al., 2003) . A recent study even finds that over expression of ATG8a under the control of one particular neuron specific promoter is sufficient to extend lifespan and confer stress resistance in Drosophila (Simonsen et al., 2008) .
The downstream transcription factor(s) that mediate the activation of ATG genes in response to JNK signaling are not known at this point. However, recent experiments by Juhasz et al. indicate that the transcription factor FoxO is required for the induction of autophagy in flies that have been deprived of food (Juhasz et al., 2007b) . In mammals it has been shown that the FoxO can induce ATG gene expression (Mammucari et al., 2007; Zhao et al., 2007; Zhao et al., 2008) . We have reported Drosophila FoxO to be critical for JNK-mediated stress resistance (Luo et al., 2007; Wang et al., 2005) . FoxO is therefore a good candidate to execute the transcriptional activation of ATG gene expression in response to JNK signaling. Further experiments are required to determine the mechanisms by which the transcriptional regulation of autophagy proceeds.
The findings presented here indicate that the diverse cues that can cause a cell to undergo autophagy, including metabolic, hormonal and stress signals, are transmitted by distinct signaling systems. While the JNK pathway induces autophagy in response to oxidative stress, changes in PI3K and Tor pathways stimulate autophagy in response to food deprivation and ecdysone in a JNK-independent manner. Consistent with the conclusion that the induction of autophagy in conditions of limited food supply does not involve the JNK signaling pathway, we do not detect activation of a JNK reporter gene in gut cells under the starvation conditions employed here, which nevertheless effectively induce autophagy (data not shown). However, protracted or extreme starvation may derail vital cell functions causing stress and a JNK response. For example, mammalian cells that are cultured in nutrient-deprived media activate JNK and consequently autophagy Wei et al., 2008) .
The induction of autophagy by oxidative stress so far discussed contrasts with developmentally programmed autophagy as it prominently occurs during metamorphosis in the Drosophila fat body. This mechanism is hormonally regulated by the ecdysone system and does not appear to require JNK.
Further genetic and molecular studies on the complex regulation of autophagy in different biological settings and organ systems are a high priority. Insight into the pleiotropic functions of this process will be valuable not only for developmental and cell biology, but also for the understanding of pathologies that are correlated with oxidative damage to cells and tissues, such as aging related and degenerative diseases.
4.
Experimental procedures
Fly stocks
The following stocks were obtained from the Bloomington Drosophila stock center: OreR, w 1118 , ry
506
, Ubi-GFP, FRT40A, UAS-GFP-LC3, ATG1
EY09216
, ATG6
00096
, and Act > y > Gal4.
ATG1
D3D was a gift from Thomas Neufeld (Scott et al., 2004) . , and UAS-Bsk DN were gifts from Marek Mlodzik. hsFLP; Act > CD2 > Gal4, UAS-eGFP is described in Britton et al. (2002) and T80Gal4, UAS-EGFP; tubGal80 ts in Hyun et al. (2006) . UAS-Dp110 was a gift from Sally Leevers (Leevers et al., 1996) . Tub-GeneSwitch-Gal4 (tubGSGal4) was a gift from Scott Pletcher. The pUAST-ATG6-HA transgene was generated by PCR amplification of the ATG6 coding sequence from larval cDNA (forward primer: GAGAATTCGTGGCAACTCTGGTAGCAGT; reverse primer: GATCTAGACGGTGACACAAACTGTGAAG, EcoRI and XbaI cloning sites are underlined). The ATG6 coding sequence is C-terminally fused to an HA epitope tag.
All flies were maintained at 25°C and 60% humidity unless otherwise stated.
4.2.
Oxidative stress treatments
The puc E69 and ATG6 00096 stocks used for oxidative stress resistance experiments (Fig. 2) were backcrossed into the ry 506 background for at least 10 generations, and ATG1
EY09216
was backcrossed to w 1118 flies for at least 10 generations.
Accordingly, w 1118 flies were used as isogenic wild type controls for experiments with ATG1 D3D and ATG1 EY09216 flies, and ry 506 flies for ATG6 00096 flies. All crosses were set up at 25°C and 60% humidity. Newly eclosed flies were collected daily and mated for one day before male and female flies were separated. Males and females collected for three consecutive days were pooled. Prior to stress exposure the flies were starved for 6 h at 25°C by maintaining them in vials only in the presence of water-soaked filter paper, to avoid desiccation. After the pre-starvation the animals were transferred to 50 ml vials containing food with paraquat or control food and incubated in the dark, at a density of 30-40 flies per vial. The food used in these experiments consisted of 1% low melting agarose (Amresco), 5% sucrose (J.T. Baker), and 15 mM paraquat (Arcos). Food was made freshly and the stressed flies were flipped to fresh food every 2 days. Dead flies were counted every 12 h. When the cumulative death rate of the control flies reached 50%, the cumulative death rate of all other genotypes was calculated. The statistical significance of the difference in cumulative death rates among the various genotypes was examined by Student's t-test. For paraquat or H 2 O 2 treatment larvae were staged to early 3rd instar by molting and the morphology of the mouth hooks. Prior to stress exposure these early 3rd instar larvae were starved in the presence of water-soaked filter paper for 45 min to 1 h at 25°C unless otherwise stated. Subsequently, larvae were treated in the dark with food containing either paraquat or H 2 O 2 (Sigma) prepared as follows: paraquat or H 2 O 2 were added to low melting agarose solution after it had cooled down to 37°C to avoid decomposition of the reagents. The final concentration of the ingredients was: 4% autoclaved yeast, 0.5% low melting agarose, 5% sucrose, and 100 mM paraquat or 1.5%
For experiments using the gene switch driver tubGSGal4, 2-3 days old adult flies mated for 1 day were split into two groups per sex: one was fed with food containing 200 lM RU486 (Cayman) to induce UAS-driven transgene expression, the other one was fed with control food. All groups were flipped to fresh food every 2 days for a total of 4 days. Subsequently, flies were transferred to paraquat or control food, in the continued presence or absence of 200 lM RU486.
Starvation
For starvation experiments early 3rd instar larvae of the desired genotypes were transferred from standard yeast, molasses food to 5% sucrose in 0.5% low melting agarose for 3-4 h before dissection. Control larvae were kept on regular food until dissection.
4.4.
RNA purification and Quantitative Real-Time PCR et al., 2003) . Upon incubation at 37°C and maintenance at the restrictive temperature of 29°C, Gal80 ts is inactivated and Gal4 is liberated to activate UAS-Hep act expression and consequently JNK signaling. Larvae of the desired genotype were raised at 20°C until they reached early third instar larval stage, and then heat-treated at 37°C for 1.5 h to induce Hep act expression. The heat-treated larvae were maintained at 29°C for an additional 6 h. All larvae were collected and washed three times in PBS. Total RNAs were prepared by Trizol (Invitrogen) purification following the manufacturer's protocol. 5 lg total RNA from each genotype was reverse-transcribed into cDNA using SuperScript II reverse-transcriptase (Invitrogen).
The resultant cDNA was used as the template for quantitative real-time PCR on an iCycler iQ TM system (Bio-Rad). The PCR data were collected and analyzed using the iCycler 3.0 software (Bio-Rad). In these experiments, Gal4 mRNA was used as internal control to normalize the mRNA levels of the analyzed genes. Their fold induction after JNK activation, as shown in Fig. 1 was calculated as follows: first, the raw mRNA levels of the analyzed genes were normalized relative to Gal4 mRNA; second, the ratio between these normalized values for the Hep act expressing and control stocks were calculated.
For the analysis of ATG gene expression in paraquat-treated adults (Fig. 1A) , 3-5 day old OreR flies were starved with just water for 6 h at 25°C, before transferring them to 15 mM paraquat and 5% sucrose in low melting agarose or the same food without paraquat. Total RNAs were prepared at the indicated time points and PCR reactions were carried out as described above. The internal control for mRNA level in these experiments was rp49 mRNA. The induction values shown represent the ratios between the normalized ATG mRNA levels of the paraquat-treated and control samples.
All primers used in this study are listed in Supplementary Table 2.
b-Galactosidase analysis
Dissected midguts of early 3rd instar larvae fed with 100 mM paraquat or with 1.5% H 2 O 2 , were fixed in 1% glutaraldehyde in PBS with 2 mM MgCl 2 at room temperature for 15 min, and then washed twice for 10 min in PBS containing 2 mM MgCl 2 . Then the larval guts were incubated with XGal in b-galactosidase staining solution (3 mM K 3 Fe(CN) 6 , 3 mM K 4 Fe(CN) 6 , 150 mM NaCl, 1 mM MgCl 2 , and 0.1 M phosphate buffer with 0.27% X-Gal) overnight at room temperature. The staining reaction was stopped by washing the samples with 1· PBS twice for 10 min. Samples were kept in 80% sterile glycerol overnight at 4°C before mounting onto slides for microscopic analysis.
Mosaic clone analysis
Somatic clones expressing UAS-controlled transgenes, were induced employing the hsFLP; Act > y + > Gal4 system unless otherwise stated. For the analysis of clones overexpressing UAS-Bsk DN , UAS-GFP-LC3 after paraquat treatment, the cross and resulting progeny larvae were kept at 21°C at low density and heat-treated at 37°C for 2 h at the early 1st instar larval stage. Heat-treated larvae were kept at 21°C until they reached early third instar stage. To generate bsk 170B JNK null clones, 10-16 h old embryos of experimental (hsFLP/+; bsk
170B
, FRT40A/ubi-GFP, FRT40A) and control groups (hsFLP/+; FRT40A/ubi-GFP, FRT40A) were moved to 37°C for 2 h. The hatched larvae were incubated further at 25°C and analyzed at early third instar larval stage.
4.7.
Microscopy and image processing
Larval fat bodies and midguts were dissected and stained without fixation in 1 lM Lysotracker Red (Molecular Probes) in 1· PBS for 60 s. Stained samples were immediately mounted with DABCO-Mowiol medium and analyzed on a Leica SP2 confocal microscope.
The transmission electron microscopy analysis of larval gut proceeded as follows: Dissected third instar larval midguts were initially fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) overnight, two times for 15 min in 0.1 M sodium cacodylate buffer, post-fixed in 1% osmium tetroxide combined with 1.5% potassium ferrocyanide in 0.1 M sodium cacodylate buffer for 30 min, and rinsed in distilled water for 15 min. Then the fixed guts were dehydrated in a graded ethanol series (50%, 65%, 80%, 95%, and 3 times at 100%) for 25 min at each concentration, transferred to (1:1) 100% ethanol:propylene oxide (P.O.), (1:2) ethanol:P.O., 100% P.O. for 2 times for 45 min in each mixture. The dehydrated guts were infiltrated with EPON/Araldite resin (Electron Microscopy sciences), embedded in BEEM capsules (Electron Microscopy sciences) with fresh resin to be polymerized at 70°C for 2 days. The embedded guts were thin sectioned at 70 nm onto grids with a Reichert-Jung Ultracut E microtome, stained on grids with 2% uranyl acetate for 10 min, rinsed with distilled water, and stained with 0.3% lead citrate solution. The images were acquired on a Hitachi 7650 TEM with an attached 11 Megapixel Gatan digital camera.
The pictures used in this manuscript are assembled in Photoshop CS3 and Illustrator CS3.
